Abstract: Forest development models have been used to predict future harvesting potentials and forest management reference levels under the Kyoto guidelines. This contribution aims at presenting the individual-tree simulator MASSIMO (MAnagement Scenario SImulation Model) and demonstrating its scope of applications with simulations of two possible forest management reference levels (base or business as usual) in an example application. MASSIMO is a suitable tool to predict timber harvesting potentials and forest management reference levels to assess future carbon budgets of Swiss forests. While the current version of MASSIMO accurately accounts for legacy effects and management scenarios, effects of climate and nitrogen deposition on growth, mortality, and regeneration are not yet included. In addition to including climate sensitivity, the software may be further improved by including effects of species mixture on tree growth and assessing ecosystem service provision based on indicators.
Introduction
International commitments, such as the Paris agreement [1], require country-specific estimates of current and future carbon budgets, harvesting potentials, and forest management reference levels. The European Union proposed to establish those reference levels "transparently and in consideration of the business-as-usual procedures" compared to the period 1990-2009 [2] . Reliable estimates of the present state and the future development of forests shall be nationally representative for forest types, management interventions, and harvesting amounts. Many European countries therefore develop their own systems to simulate current management practices [3] , based on national forest inventories (NFI) and forest development models.
Forest development models have been used to predict the state and changes of forest systems for a long time. Among the first were yield tables that were developed to predict the yield of pure even-aged stands on the basis of long-term observations from experimental forest plots [4, 5] . As yield tables represent growth of whole stands under fixed site conditions (i.e., site quality expressed as dominant tree height at a reference age), they can neither be transferred in time nor space. An alternative approach offer 'process-based' models [5] . These models incorporate empirically-and/or theoretically-derived relationships on ecological and eco-physiological processes, such as competition, photosynthesis,
Materials and Methods

Initialization with NFI Data
MASSIMO was developed to run on the common grid of sample plots within the productive forest (no shrubs) of two consecutive Swiss NFIs. Input data for MASSIMO are provided from the NFI data storage and analysis system NAFIDAS [18] . In the current version of MASSIMO, the initialized grid encompasses measures of the second (NFI2: 1993-1995) and the third NFI (NFI3: [2004] [2005] [2006] ) resulting in a common grid of 5086 sample plots in the productive forests. These sample plots are grouped into 14 economic regions that are biogeographically assembled into five production regions. Sample plots consist of two concentric circles of 200 m 2 and 500 m 2 , respectively, with specific calliper thresholds of 12 cm on the inner and 36 cm on the outer circle. Upon extrapolation of measured and derived quantities to hectare values, trees are weighted according to sample plot size accounting for sampling in inner or outer circles and for partially sampled plots at forest edges [19] . Sampling on the common productive forest led to a record of 59,229 trees with Norway spruce (Picea abies, 44.2%), European beech (Fagus sylvatica, 18.1%) silver fir (Abies alba, 14.8), and larch (Larix decidua and L. kaempferi, 5.5%) being the most frequent tree species [20] .
Structure of MASSIMO
MASSIMO is an empirical, stochastic and dynamic individual-tree simulator: Empirical, since NFI-data were used to statistically derive models on growth, storm damage, harvesting, mortality and regeneration [11, [21] [22] [23] ; stochastic, as leavers (trees leaving the pool of survivor trees due to harvesting or mortality) are drawn randomly according to a removal probability that depends on diameter at breast height (dbh), competition indices and stand characteristics; and dynamic, because the simulator tracks changes in the state of individual trees and sample plots over time.
After loading tree-and plot-level data from the NFI data base the program reads the files containing specific settings for simulation scenarios (e.g., harvest restrictions, regulation of species mixture, harvesting targets etc.; see Section 2.8). Input tables are checked for null values and, when necessary, imputed with strata-specific average values as a default (Figure 1 ). MASSIMO simulations are replicated to account for the stochasticity in the regeneration, harvesting, mortality, and wind throw modules. Previous simulations have shown that 20 replications are sufficient for output values to converge (i.e., the mean of the replicates remains stable). Results of the iterations are averaged and standard errors are calculated as a measure of variation.
These replications are implemented as an outer iteration loop. An inner time-step loop typically runs through up to 10 time-steps of 10 years. Within the loops, the MASSIMO program calls sub-models for (i) growth, (ii) storm (iii) harvesting, (iv) mortality, and (v) regeneration. In order to vary simulated management strategies (i.e., scenarios) the harvesting sub-model is controlled by an iterative scenario approximation routine that adjusts thinning and shelterwood felling based on user defined harvesting or growing stock targets (not shown in Figure 1 , cf. Section 2.8 Creating scenarios). MASSIMO has been implemented in SAS®(Cary, NC, USA) and is currently transferred to Java SE 8 (© Oracle, Redwood Shores, CA, USA). For each event happening to a tree, its state, i.e., history will be changed (Table 1, Figure 1 ). MASSIMO differentiates between six tree states with three of them pointing to survivors (i.e., trees that will be living at the beginning of the next time-step) and the other pointing to leavers (i.e., trees that leave the pool of living trees during the simulated time-step). The history variable is used to record all changes (e.g., growth, harvesting, mortality) between two consecutive time-steps. To simulate tree growth, a species-specific model for individual-tree basal area increment (bai) over 10-year periods is applied. The diameter at breast height (dbh) at the beginning of the time step For each event happening to a tree, its state, i.e., history will be changed (Table 1, Figure 1 ). MASSIMO differentiates between six tree states with three of them pointing to survivors (i.e., trees that will be living at the beginning of the next time-step) and the other pointing to leavers (i.e., trees that leave the pool of living trees during the simulated time-step). The history variable is used to record all changes (e.g., growth, harvesting, mortality) between two consecutive time-steps. To simulate tree growth, a species-specific model for individual-tree basal area increment (bai) over 10-year periods is applied. The diameter at breast height (dbh) at the beginning of the time step and the estimated bai are used to derive the dbh at the beginning of the next time step. The increment model has been evaluated and presented beforehand [21, 22] , when the "growth boost" (release effect after thinning) was introduced into MASSIMO [11] . After completion of the third Swiss NFI [20] , it was recalibrated and further stratified to the main tree species, production regions, forest structure (even-vs. uneven-aged forest) and the storey (under-vs. overstorey) a tree belongs to. The increment model follows the formulation by Teck and Hilt [24] and has the form:
where B i are the explanatory variables (B 1 : basal area per ha (BAPH), B 2 : basal area of trees larger than the subject tree (BAL), B 3 : site index "Total Mean Increment" TMI [25] , B 4 : elevation, B 5 : stand age (in case of even-aged forests) or dominant diameter (in case of uneven-aged forests), B 6 : growth boost (binary)), b 0 -b 8 are the model coefficients, ε ∼ N 0, σ 2 is a normally distributed random variable accounting for stochastic effects with σ 2 being estimated from the residual distribution (cf. Supplementary S1 ).
The increment model is applied to (i) estimate the growth of survivors (i.e., trees that had not been felled in the previous time step nor died) and leavers (that are growing for half a time step), (ii) to estimate the growth boost as a release effect after thinning or mortality, and (iii) to simulate ingrowth of trees.
Single Tree Volume
According to Swiss NFI, tree volume is estimated for all trees with dbh ≥ 12 cm. The volume is derived from dbh using tariff models (cf. [21] ). These models have been refitted with data of NFI3 [20] . The volume V is calculated as:
where B i are the explanatory variables (B 3 : site index "Total Mean Increment" (TMI), B 4 : dominant diameter, B 5 : bifurcation (binary), B 6 : elevation, B 7 : overstorey (binary)), b 0 -b 7 are the model coefficients, ε ∼ N 0, σ 2 is a normally distributed random variable accounting for stochastic effects with σ 2 being estimated from the residual distribution (cf. Supplementary S2, Table S4 ).
Storm Damage
In Switzerland the country-level return interval for severe storm events was estimated to 15 years [26] , with a mean affected area of approximately 20,000 km 2 that typically is restricted to Northern Switzerland and the Alps [23] . Hence, the default return interval in MASSIMO is set to 15 years and the extent of simulated storm tracks are rectangles of 200 by 100 km that are tilted by 30 • and, thus, account for the prevailing west-southwestern wind direction (Figure 2 ). The location (easting and northing) of the storm tracks is determined by randomly selecting from nine possible southwestern corners. This results in storms being most frequently simulated in the Bernese Pre-Alps, which corresponds to storm hazard maps based on historic data [26] . The proportion of sample plots that experience damages and the severity of damage (% of killed trees) are based on observations of the three most severe past storm events (a series of storms in February 1967, Vivian in 1990 and Lothar in 1999. These storm events are distinguished with three relative storm severity levels (0.1, 0.6, 1) that are simulated with equal probability of occurrence. To simulate possible storm scenarios, e.g., under climate change, the return interval can be varied. For sample plots within the storm track two damage probabilities are calculated using sigmoidal functions. The first is the probability for partial damage Ppd (20% of the trees killed) depends on the relative storm severity level, dominant diameter, forest structure (even vs. uneven aged forests) and conifer proportion and is given by:
where s is the storm severity in (with three relative levels 0.1, 0.6, and 1) with:
and:
where ( ) is the natural logarithm of plot-level dominant diameter (mean diameter of the 100 thickest trees per ha), and iα, iβ, idd, and iM are coefficients specific to forest structure (even-aged vs. uneven-aged) and conifer proportion M in two classes (M: >90% conifer basal area vs. ≤ 90% conifer basal area) (Supplementary S3, Table S5 ). Although the coefficients differ for both stand type and conifer proportion, the realization (Supplementary S3, Figure S1 ) indicates little difference between plots that have over or under 90% conifers. The proportion for stand replacing damage Psrd (all trees killed) depends on Ppd and the same covariates and is given by:
Harvesting
Thinning
Thinning in even-aged high forest is executed as soon as stand basal area (BA) surpasses a default value of 1.1 times the BA observed directly before the last thinning (hereafter BA_lower). When initializing MASSIMO, it is known for each plot whether it has been managed in between the last two inventories (i.e., between NFI2 and NFI3) or not. In case it has not been managed in the meantime, the basal area observed at NFI2 is treated as ba_lower. Otherwise, when a plot was managed, ba_lower is given by the basal area observed from NFI3. The ratio of current BA to BA_lower (delta thinning: Δthin) can iteratively be adapted to approximate scenario-specific harvesting targets (chapter 2.8). By default, thinning removes 30% (pthin = 30%) of the BA of the sample plot, whereby the dbh-dependent selection probability for an individual tree to be cut down was estimated from NFI data using Weibull-fits (c.f. [11] ). To this end, the selection probabilities were estimated as the ratio of the dbh-distribution of trees before thinning to the dbh-distribution of the logged trees (removals) multiplied by the given thinning proportion pthin, i.e., the removed BA For sample plots within the storm track two damage probabilities are calculated using sigmoidal functions. The first is the probability for partial damage P pd (20% of the trees killed) depends on the relative storm severity level, dominant diameter, forest structure (even vs. uneven aged forests) and conifer proportion and is given by:
where ln(d dom ) is the natural logarithm of plot-level dominant diameter (mean diameter of the 100 thickest trees per ha), and iα, i β , idd, and i M are coefficients specific to forest structure (even-aged vs. uneven-aged) and conifer proportion M in two classes (M: >90% conifer basal area vs. ≤ 90% conifer basal area) (Supplementary S3, Table S5 ). Although the coefficients differ for both stand type and conifer proportion, the realization (Supplementary S3, Figure S1 ) indicates little difference between plots that have over or under 90% conifers. The proportion for stand replacing damage P srd (all trees killed) depends on P pd and the same covariates and is given by:
2.5. Harvesting
Thinning in even-aged high forest is executed as soon as stand basal area (BA) surpasses a default value of 1.1 times the BA observed directly before the last thinning (hereafter BA_lower). When initializing MASSIMO, it is known for each plot whether it has been managed in between the last two inventories (i.e., between NFI2 and NFI3) or not. In case it has not been managed in the meantime, the basal area observed at NFI2 is treated as ba_lower. Otherwise, when a plot was managed, ba_lower is given by the basal area observed from NFI3. The ratio of current BA to BA_lower (delta thinning: ∆ thin ) can iteratively be adapted to approximate scenario-specific harvesting targets (Section 2.8). By default, thinning removes 30% (p thin = 30%) of the BA of the sample plot, whereby the dbh-dependent selection probability for an individual tree to be cut down was estimated from NFI data using Weibull-fits (c.f. [11] ). To this end, the selection probabilities were estimated as the ratio of the dbh-distribution of trees before thinning to the dbh-distribution of the logged trees (removals) multiplied by the given thinning proportion p thin , i.e., the removed BA percentage. In uneven-aged forests ∆ thin is set to the fixed value of 1.05 and p thin to 25% and both cannot be adapted to approximate scenario-specific harvesting targets, because these values maintain a stable stand structure in uneven-aged forests (i.e., only small fluctuations in diameter-distribution and growing stock), which is a predefined objective in MASSIMO (c.f. [27] ).
Shelterwood Cutting
In MASSIMO, sample plots located in even-aged forests are managed with a shelterwood system (which. predominant type of felling in even-aged forest of Switzerland) with a fixed rotation period depending on conifer proportion and site index ( Table 2 ) and regeneration is initiated via shelterwood cutting. Although the processes thinning and shelterwood cutting are executed independently, the first intervention of a shelterwood cutting (typically named as seed cutting) is assumed to be performed via thinning routine. Thereafter, the first intervention in the shelterwood routine (i.e., the second cutting) harvests 80% of the remaining overstorey trees (corresponds to approx. 56% of the shelter at the beginning of felling). The remaining shelter will then be removed in the next time-step, if the sample plot is located in the colline, sub-montane, or montane elevation belt. Otherwise, i.e., if the sample plot is located in the upper montane or subalpine elevation belt, the shelter will be removed by two cuttings in the subsequent time-steps.
In order to first harvest the oldest stands, sample plots of a stratum (i.e., the same rotation period and economic region) are ranked according to an estimated stand age (c.f. [21] ). Shelterwood cuttings are then conducted sequentially on the sampling plots until the default number of treated plots corresponds to the predefined rotation period (e.g., under a given time-step of 10 years and a rotation period of 90 years in lowland-conifer forests 100/(90/10) = 11.11% of the sample plots experience a shelterwood cutting). To iteratively approximate simulated harvests to predefined targets (Section 2.8), the rotation period and, thus, the number of treated sample plots can be adjusted with the modifying factor delta shelterwood felling ∆ fell . Additionally, shelterwood cuttings take place on sample plots in uneven-aged high forests with a probability of 0.05, as this is in agreement with observations between NFI1 and NFI2. 
Management in Protection Forests
In Switzerland, protection forests i.e., forest with protective function against gravitational hazards, are managed according to national guidelines [28, 29] . In MASSIMO, no shelterwood cutting is simulated in protection forests, but regeneration is initiated by means of thinning.
Forest Reserves
MASSIMO allows to simulate growth and mortality of trees in managed as well as unmanaged stands. To do so, each sample plot was assigned to 'forest available for wood supply' (FAWS) or 'forest not available for wood supply' (FNAWS) [30] . If the simulation setup specifies to simulate forest reserves, on sample plots being assigned to FNAWS no harvesting is simulated. Note that criteria for natural forest reserves are customizable to shrink or enlarge areas without harvesting.
Mortality
The probability for mortality has been estimated from NFI observations and differentiated between background mortality and density-dependent mortality. While the decadal probability of a tree suffering from background mortality is fixed (P bm = 0.03), the probability of density-dependent mortality increases with increasing basal area, decreasing conifer proportion and increasing stand age and is stratified in four levels (lowest: 0; highest: 0.0582), resulting in a proportion of natural mortality P nm ranging from 0.03 to 0.0882. P nm depends on the mortality factor f m (values in (1, 1.5, 2, 3) accounting for age and density dependent mortality and P bm :
with f m being defaulted to 1 on young growth plots with low stand basal area BA (<60 m 2 ha −1 ) but will be increased to 3 in old grown forests to (i.e., stand age >150 years, on the Plateau, >200 years in Jura, pre-Alps or Alps, and >250 years in the Alps). Further, f m is increased when the BA exceeds some thresholds depending from stand type and conifer proportion (Table 3 ). For example, if a spruce stand with the stand type 'pole timber' has a BA > 85 f m is set to 1.5. 
Regeneration and Ingrowth
The regeneration sub-model accounts for two processes: First, regeneration under shelter, and second, regeneration in response to improved light conditions following shelterwood cutting and storm events. Both processes lead to an accumulation of trees in the regeneration pool that consists of young trees with dbh < 12 cm. Growth of trees in the regeneration pool is assumed to follow the same tree species-specific growth models as trees beyond the caliper threshold of 12 cm dbh. Trees growing beyond this threshold are termed ingrowth. Regeneration under shelter is assumed to be independent of management and is intended to represent regeneration from seeds available on the sample plot. For the first time step, counts of young trees by species are available from NFI observations in regeneration subplots located in the same elevation zone and production region as the affected plot. To feed the regeneration pool in subsequent time steps, however, MASSIMO needs routines to stochastically simulate regeneration. To this end, for each new ingrowth tree a region-dependent number of new young trees of the same species are added to the regeneration pool (Table 4) . Trees in the regeneration pool have a region-specific survival probability both per decade and when they surpass the caliper threshold. To simulate regeneration following shelterwood cutting or a stand replacing storm, new young trees are randomly drawn from an observed regeneration subplot that is located in the same elevation zone and production region as the affected sample plot. Thereby, only sample plots in early development phases (i.e., young growth and thicket stage) are considered for random draws and tree data (count of trees and their species) from the randomly selected regeneration subplot are added to the regeneration pool of the affected sample plot with their dbh being set to 1 cm. Thus, by default, the species composition of the simulated regeneration reflects the measurements of the last inventory. However, MASSIMO allows to influence the proportion of conifers in the regeneration data by the simulation of tending interventions. If the scenario settings (c.f. Section 2.8) specify tending interventions to control the conifer proportion of a sample plot undergoing a storm-or harvest-induced regeneration, the maximal conifer proportion and the species mixture of conifers can be adjusted. Target values for conifer proportions are based on silvicultural recommendations in protection forests and are specific to phyto-sociological communities [28, 29] . To this end, the observed conifer proportion is either enhanced or lowered, respectively, if its proportion is lower or higher than recommended (c.f. Supplementary S4, Table S6 ).
Creating Scenarios
Simulation Setup
The setup of a simulation consists of three steps. First: definition of the input data for the model initialization (see Section 2.1), second: general configuration of the simulation and specific settings for a scenario (Table 5 ) and third: predefining growing stock or harvesting targets (see below). The scenario settings listed in Table 4 allow for the simulation of a relatively broad range of scenarios as, for example, recent assessments of timber harvesting potentials for Switzerland [12] . However, highly specific applications such as thinning of coppice forests [31] or habitat tree retention [16] require introducing specific intervention routines into the program code of the harvesting sub-model. Typically, MASSIMO is run with time-steps of 10 years and for each simulation, and 20 iterations (i.e., replicates) are simulated. Additional to density-dependent and background mortality (Section 2.6), mortality rates can be adjusted to fit estimates for 'Switzerland's Second Initial Report under the Kyoto Protocol' [32] . To this end, the user specifies mortality rates (mort) as proportions of the harvestings that are allocated to the mortality pool. This additional dead wood can be interpreted as harvesting losses. Using the default setting of mort = 15% of the harvestings approximates a total mortality of 16.34% which is given by Switzerland's Second Initial Report under the Kyoto Protocol. We refer to salvage logging, if storm-damaged trees are harvested, which is the typical treatment in Switzerland.
Iterative Scenario Adaption Routine
In addition to general scenario settings and configuration, MASSIMO allows to specify growing stock or harvesting targets for each economic region and each time step. While running in the iterative scenario adaption routine, the results of a first simulation routine are compared to the target values of growing stock or harvesting amounts, respectively. Thereafter, the parameters delta thinning ∆ thin and delta felling ∆ fell are iteratively adjusted to minimize the difference between the simulation and the target values (for details cf. Supplementary S5). A decrease in ∆ thin leads to an increase in the number of sample plots that experience thinning, while a decrease in ∆ fell reduces the number of felled plots. Thus, to balance between thinning and felling interventions, values of ∆ thin and ∆ fell are adjusted simultaneously in opposite directions, when adapting to predefined targets. Eventually, the adaption routine leads to changes in the realized rotation period and in the return interval of thinning, while thinning intensities i.e., basal area thinning proportions, remain constant. To keep management interventions within a silviculturally-plausible range, ∆ thin cannot be adjusted to values below 0.9, which sets an upper limit to the thinning frequency, i.e., stand basal area in the focal decade must be at least 90% of the basal area at the previous intervention. The approximation routine is limited to even-aged forests outside the perimeter of forest reserves. For protection forests, only the thinning parameter ∆ thin can be adjusted because in these forests no shelterwood cutting is simulated. Uneven-aged forests are not controlled by the adaption routine as thinning in these forests follows predefined rules to maintain forest structure. While these exceptions are needed to simulate plausible management in protection forests, forest reserves and uneven-aged forests, they limit the degree to which ∆ thin and ∆ fell can be adjusted, especially in strata with a high proportion of such stands. Thus, in extreme scenarios, i.e., scenarios with a large increase or decrease of harvesting, predefined targets may not be reached because the adaption only influences the even-aged part of the sample plots in an economic region. Typically, the approximation of ∆ thin and ∆ fell is iterated five times for each time-step.
Model Application
Base and Business as Usual Scenarios
As an example application we simulated two harvesting scenarios starting from NFI3 (2004) (2005) (2006) and with the number of time-steps being 10 and the length of time-steps being 10 years. For both scenarios the first time-step (i.e., decade 2007-2016) was used to meet observed growing stocks from NFI4 (2009-2013) using the growing stock adaption routine. For the next nine time-steps growing stock was stabilized at this level in a base scenario. As an alternative, the business as usual (BAU) scenario aimed at stabilizing harvesting amounts. Both scenarios followed the default settings as given in Table 4 . The scenarios were run until year 2106, replicated 20 times and the adaption routine was iterated five times.
Simulation Results
At national level as well as for all production regions (not shown here), both the base scenario and the business as usual (BAU) met the predefined targets. As anticipated, the growing stock remained constant when applying the base scenario, while national harvesting amounts where kept at the NFI4-level in the BAU scenario ( Figure 3) . As the time-step of the MASSIMO simulation is longer than the interval between NFI3 and NFI4 (10 years versus 3 to 9 years), the harvesting amount of the first simulation step was adjusted to meet growing stock of NFI4 data. In the BAU scenario, this adjustment led to a high harvesting amount in the first compared to the subsequent decades. Independent of the scenario the conifer-proportion remained stable. In the BAU scenario, growing stock increased remarkably at the national level. However, on the Plateau growing stock decreased strongly following the observed trends since NFI2. For both scenarios gross growth including ingrowth (GGI) of conifers increased until the end of the century, while we simulated a slightly reduced GGI for broadleaves. Considering all species, GGI remained nearly stable in the base scenario with a weak tendency to increase at the end of the century, while it increased considerably under BAU. In general, mortality increased with increasing growing stock and, thus, this effect was more pronounced for conifers than for broadleaves and stronger in the BAU scenario than in the base scenario. base scenario with a weak tendency to increase at the end of the century, while it increased considerably under BAU. In general, mortality increased with increasing growing stock and, thus, this effect was more pronounced for conifers than for broadleaves and stronger in the BAU scenario than in the base scenario. To maintain a constant growing stock in the base scenario, harvesting of merchantable wood fluctuated close to 7.7 million m 3 /year (Figure 4) . Regarding production regions, harvesting amounts fluctuated more on the Plateau, in the pre-Alps and in the Alps than in Jura Mountains and in the Southern Alps. The BAU scenario was defined with an average harvesting amount of 6.3 million m 3 /year. Under the base scenario 1.4 million m 3 /year more could be harvested when maintaining a constant growing stock. The BAU scenario could not be realized for more than 30 years on the Plateau. In this region, the harvesting amounts recorded between NFI2 and NFI3 exceed the observed increment by far. Continuing this harvesting amounts for more than 30 years in the simulations resulted in a strong decrease of growing stock and consequently a decreasing increment. From 2026 onwards, harvesting increased in regions having a substantial proportion of uneven-aged forests (pre-Alps and Alps) and protection forests (pre-Alps, Alps, and Southern Alps). This resulted To maintain a constant growing stock in the base scenario, harvesting of merchantable wood fluctuated close to 7.7 million m 3 /year (Figure 4) . Regarding production regions, harvesting amounts fluctuated more on the Plateau, in the pre-Alps and in the Alps than in Jura Mountains and in the Southern Alps. The BAU scenario was defined with an average harvesting amount of 6.3 million m 3 /year. Under the base scenario 1.4 million m 3 /year more could be harvested when maintaining a constant growing stock. The BAU scenario could not be realized for more than 30 years on the Plateau. In this region, the harvesting amounts recorded between NFI2 and NFI3 exceed the observed increment by far. Continuing this harvesting amounts for more than 30 years in the simulations resulted in a strong decrease of growing stock and consequently a decreasing increment. From 2026 onwards, harvesting increased in regions having a substantial proportion of uneven-aged forests (pre-Alps and Alps) and protection forests (pre-Alps, Alps, and Southern Alps). This resulted from the fixed thinning routine in uneven-aged and protection forests that is not adjusted by the approximation routine. As a consequence, simulated harvesting in those regions slightly exceeded previously defined amounts. from the fixed thinning routine in uneven-aged and protection forests that is not adjusted by the approximation routine. As a consequence, simulated harvesting in those regions slightly exceeded previously defined amounts. 
Discussion of Simulation Results
In our case study, the effect of two different forest management scenarios, a base scenario and a business as usual (BAU) on growing stock and harvesting amounts was investigated. In the BAU scenario, the current harvesting amount is kept constant for all regions at approximately 6.3 million m 3 /year. For Switzerland in total and all regions except the Plateau, this means an increase in growing stock as those harvesting amounts are lower than the average annual increments. However, on the Plateau with its easily accessible and economically affordable timber stocks, current harvesting amounts are already larger than the increment. The BAU scenario, therefore, results in a strong decrease of growing stock in the next 30 years on the Plateau reflecting the trend observed since the second NFI (1993-1995) [33] . Continuing this harvesting amount results in simulations with very low growing stocks and strongly reduced increments. On the other hand, growing stocks in the mountainous regions continually increase under a BAU scenario. In the long term, the BAU scenario may therefore lead to increased susceptibility of (protective) forests in mountainous regions to disturbances such as wind throw and bark beetles [34, 35] . Moreover, total harvesting amounts in Switzerland might decrease due to the simulated decrease of harvesting amounts on the Plateau. This might have further consequences on the downstream wood supply chain such as an increase of the proportion of imported round wood and semi-finished wood products [36] . Therefore, a more balanced distribution of overall harvesting amounts to all regions including mountainous regions seems to be necessary, yet at the expense of increased harvesting costs [12, 15] .
In the base scenario, growing stock is assumed to be stabilized in each economic region over the simulation period. To achieve this goal, harvesting amounts in all regions except increase sustainably under the base scenario, except for the Plateau, where current harvesting amounts exceed the increment already. Thus, applying the base scenario leads to a general increase of the 
In our case study, the effect of two different forest management scenarios, a base scenario and a business as usual (BAU) on growing stock and harvesting amounts was investigated. In the BAU scenario, the current harvesting amount is kept constant for all regions at approximately 6.3 million m 3 /year. For Switzerland in total and all regions except the Plateau, this means an increase in growing stock as those harvesting amounts are lower than the average annual increments. However, on the Plateau with its easily accessible and economically affordable timber stocks, current harvesting amounts are already larger than the increment. The BAU scenario, therefore, results in a strong decrease of growing stock in the next 30 years on the Plateau reflecting the trend observed since the second NFI (1993) (1994) (1995) [33] . Continuing this harvesting amount results in simulations with very low growing stocks and strongly reduced increments. On the other hand, growing stocks in the mountainous regions continually increase under a BAU scenario. In the long term, the BAU scenario may therefore lead to increased susceptibility of (protective) forests in mountainous regions to disturbances such as wind throw and bark beetles [34, 35] . Moreover, total harvesting amounts in Switzerland might decrease due to the simulated decrease of harvesting amounts on the Plateau. This might have further consequences on the downstream wood supply chain such as an increase of the proportion of imported round wood and semi-finished wood products [36] . Therefore, a more balanced distribution of overall harvesting amounts to all regions including mountainous regions seems to be necessary, yet at the expense of increased harvesting costs [12, 15] .
In the base scenario, growing stock is assumed to be stabilized in each economic region over the simulation period. To achieve this goal, harvesting amounts in all regions except increase sustainably under the base scenario, except for the Plateau, where current harvesting amounts exceed the increment already. Thus, applying the base scenario leads to a general increase of the national harvesting amount, which is in line with the Swiss Confederation's Forest Policy 2020 [36] that aims for a sustainable level of timber harvesting. However, due to the simulated decrease of mid-term harvesting amounts on the Plateau, such an increase in harvesting amounts must be realized either in steeper mountainous regions with higher harvesting cost or alternatively substituted by imports. Increased harvesting costs in steeper, less accessible forests might ask for structural changes in the planning and execution of management intervention towards larger-scale collaborations (e.g., [12, 37, 38] ).
To conclude, the base scenario is more balanced than BAU with respect to the long-term availability of timber and sustains growing stock, forest structure and timber industries. This is an important point to be reflected when defining a forest reference level for Switzerland for post-2020 GHG accounting (cf. [39] ) compatible with the approach presented in EU Regulation 2018/841 [40] .
Discussion
Strengths and Weaknesses of MASSIMO
MASSIMO runs on the regular grid of the Swiss NFI encompassing all forest types and biogeographic regions of Switzerland and, thus, predictions are statistically representative. Consequently, MASSIMO is well suited for applications that predict large-scale development of forest states, harvesting amounts and forest management reference levels at the regional e.g., [15, 16] ) to national scale (e.g., [12, 13] ). However, environmental, economic or social changes are not considered, as MASSIMO is based on a pure empirical approach. Further, interpretation at the scale of individual sample plots is restricted due to their relatively small size (500 m 2 ). Results are typically aggregated at the scale of NFI production regions, economic regions or large cantons, for which at least 30 NFI sample plots are available. Nevertheless, in order to simulate plausible thinning and felling, harvesting is simulated at the plot-level. As thinning is dependent on growth, the time interval between consecutive thinnings may vary. Thus, flexible intervals between two thinnings are a big advantage over fixed thinning cycles for two reasons: first, they allow to define management scenarios at a large scale and to approximate given growing stock and harvesting targets. Second, anticipating future developments toward climate-sensitive sub-models for growth, mortality and regeneration, flexible management intervals allow to adapt thinning and shelterwood cutting to future conditions, i.e., to changing growth rates due to altered species mixture or climate change.
Mortality is composed of a background rate for natural mortality and an additional rate for density-dependent mortality that increases with increasing development stage, stand age, and basal area and differs for conifer-and broadleaf-dominated forests. However, tree species, various mixtures and climate variables are not considered as explanatory variables. In addition, tree size and previous growth are not included in the mortality prediction, although both have been shown to be related to individual-tree mortality [41, 42] . While thinning routines in MASSIMO will compensate for potentially underestimated mortality rates, mortality may still be underestimated in low-and no-management scenarios (i.e., plots treated as forest reserves) [15] .
The growth of trees in the regeneration pool (<12 cm in dbh) is assumed to follow the same growth model as used for trees larger than 12 cm dbh. Since NFI does not have repeated measurements of trees on the regeneration sub-plots, it remains unclear whether this assumption is biased or not. While simulated ingrowth rates match with observations at national level, regional predictions only stay in a plausible range when adjusting survival rates at caliper threshold [16] . Nevertheless, species composition in MASSIMO simulations tends to shift towards spruce-dominated forests that do not correlate with newest observations [33] .
Projected temperature increases, and more frequent heavy storm and drought events will result in increasing probabilities of disturbance events. While increasing storm damages can be simulated in Massimo, disturbances by bark beetles are not included in the disturbance regime.
Bark beetles often occur after storm damages [43] [44] [45] and their population growth strongly depends on temperature [46] [47] [48] . Thus, including bark beetle disturbances into MASSIMO may improve long-term projections. However, the small sample plot areas and their gridded spatial arrangement poses challenges to simulating disturbance interactions and spatially auto-correlated processes, such as spreading bark beetle infestations, but also wildfire and seed dispersal of both native and invasive tree species.
Individual tree growth in MASSIMO was implemented as nonlinear models for several tree species and ecological gradients according to the formulation of Teck and Hilt [24] . When evaluated with independent data, these models proved to perform reasonably well [22] . Tree volume is predicted from the simulated dbh by using tariff models. The models for bai and volume both incorporate a wide range of explanatory variables specifying individual-tree characteristics, site conditions, stand conditions, and management. In addition, MASSIMO includes some uncertainty of the bai and volume predictions by taking into account the residual standard error (SE) of the models. This is done by adding an error component that results from randomly drawing from the normal distribution N(0, SE 2 ) to the point estimate in every replication. The fact that the resulting variance of the predictions among the replications is involved in MASSIMO simulations explicitly takes into account the prediction uncertainty of the empirical models for bai and volume.
Future Development
Although MASSIMO integrates various potential influences on forest development such as management, site, and stand effects, it has so far been based on the assumption of constant environmental conditions. With the effects of climate change on forest development becoming increasingly apparent already today (e.g., [49] [50] [51] ), this assumption cannot be supported anymore and limits the validity of long-term projections with MASSIMO. Plans to overcome this limitation by including empirical models that represent climatic effects on tree growth and regeneration into MASSIMO have already been initialized [52] [53] [54] , which is in line with developments in other empirical forest growth simulators [55, 56] . However, additionally including climate-sensitivity into mortality will be inevitable to allow for analyses of scenarios assuming changing climatic conditions.
In recent years, the relationship between tree species diversity and productivity has gained increasing attention. Several studies have indicated-under certain conditions-increased productivity in mixed compared to mono-specific stands, likely as a consequence of niche partitioning, facilitation and/or stress reduction among different tree species (e.g., [57, 58] ). Furthermore, mixed forests are expected to provide a higher flexibility if exposed to changing environmental conditions, particularly if well adapted tree species are represented in the mixture [59] . Thus, beneficial effects of mixed forests may be of high economic and ecological interest, also regarding the estimation of harvesting potentials and carbon sequestration. Although the current version of MASSIMO does not yet consider species mixture effects, empirical results based on the Swiss NFI [57, 60] , may provide a strong basis for a future inclusion of such effects into MASSIMO.
The individual tree as the smallest simulation entity in MASSIMO, allows broadening the set of indicators on forest ecosystem service provision beyond harvested timber amounts and carbon sequestration and storage [61] . The economic feasibility of timber harvesting can be examined by quantifying the costs of simulated harvesting interventions by coupling the harvesting productivity model HeProMo [62] to MASSIMO [12] . Stem counts, conifer proportions, and estimates of basal area derived from MASSIMO outputs can be used together with topographic variables to assess the influence of management strategies on the efficacy of forests to protect against rockfall and avalanches [63, 64] . Stand structural indicators such as Shannon-index of dbh classes and density of large trees as well as indicators of tree species diversity, such as the Shannon index, number of tree species, or conifer proportion can be used as proxies for various aspects of biodiversity. Stand-structural and -compositional characteristics associated with high quality for recreation become increasingly available, especially at the local scale [65] , such that MASSIMO could potentially be used to assess management policy impacts on forest recreational values. However, the applications of such indicators requires an accurate simulation of forest dynamics such that limitations in MASSIMO also limit the interpretation of indicators. Since the current version of MASSIMO does not account for effects of management on the species composition in the regeneration, for example, the investigation of management effects on tree species diversity makes little sense.
Conclusions
To conclude, developments in growth, regeneration and mortality sub-models not only broaden the range of environmental conditions under which MASSIMO can be applied, but also the range of indicators that can be used to characterize forest ecosystem service provision. As such, MASSIMO is a powerful tool for analyses of trade-offs and synergies among ecosystem services under regional to national forest management scenarios and yields great potential for further applications also under climate change.
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